We propose a novel design for multi-wavelength arrays of vertical cavity surface-emitting lasers (VCSELs) using high-contrast gratings (HCGs) as top mirrors. A range of VCSEL cavity wavelengths in excess of 100 nm is predicted by modifying only the period and duty-cycle of the high-contrast gratings, while leaving the epitaxial layer thickness unchanged. VCSEL arrays fabricated with this novel design can easily accommodate the entire Er-doped fiber amplifier bandwidth with emission wavelengths defined solely by lithography with no restrictions in physical layout. Further, the entire process is identical to that of solitary VCSELs, facilitating cost-effective manufacturing.
Introduction
The increasing demands of high bandwidth applications, such as online video streaming or real-time video conferencing, have been a major driving force for high capacity data networks. In addition, high speed optical interconnects operating at bandwidths greater than 1 Tb/s are attractive compared to electrical interconnects due to their low power consumption and compact size. Wavelength division multiplexing (WDM) offers an ideal way to leverage the high bandwidth of an optical fiber (>> 1 Tb/s) while using existing electronics operating close to 10 Gb/s. Consequently, monolithically-integrated, low cost, high-speed, multiwavelength (MW) sources are extremely desirable. Surface normal emission, wafer scale manufacturing and testing makes vertical-cavity surface-emitting lasers (VCSELs) a cost effective solution for MW sources [1, 2] . MW VCSEL sources can also be cost effective solutions for a wide range of applications including optical trace-gas sensing, displays, etc.
All monolithically integrated MW VCSEL arrays fabricated to date utilize thickness variations either in the distributed Bragg reflector (DBR) or cavity layers to achieve different emission wavelengths [1, 2] . A change in the layer thickness directly translates to a change in the lasing wavelength due to the round trip phase condition of a VCSEL cavity [1, 2] . Thickness variations achieved by leveraging the natural non-uniformity in a molecular beam epitaxy (MBE) system [1, 2] , patterned substrates [3] , nonplanar metalorganic chemical vapor deposition [4] , or anodic oxidation of a GaAs spacer layer [5] were reported. However, none of the previously reported techniques led to precise control of the lasing wavelength. In addition, due to complicated fabrication processes, these techniques are not readily scalable to a large number of VCSEL arrays.
In this work, we propose a novel method of fabricating MW VCSEL arrays with an unprecedented wavelength range by simply varying the lateral dimensions of high-contrast gratings (HCGs), lithographically defined on the same single layer. This novel design is based on our prior works on HCG, a single layer grating providing reflectivity at least as high as 40 pairs of epitaxially grown DBRs [6] [7] [8] . Note that our previously reported HCG-VCSELs were designed to exhibit large tolerances to grating dimension variations [8] . Yet, with a different design, the phase (but not magnitude) of HCG reflectivity can exhibit a large dependence on dimensions, leading to a wide range of VCSEL emission wavelengths, as reported here for the first time. We show HCG-VCSELs whose wavelengths are significantly varied by tuning grating period and duty cycle (ratio between grating width and period), while keeping the same epitaxy design (same layer thickness), thus enabling the fabrication of MW VCSELs array using simple lithographic means. As the laser wavelength is determined entirely by lithography, this design facilitates precise wavelength control and arbitrary physical layout. In addition, the proposed technique dramatically simplifies the fabrication process, introducing no modification to a typical HCG-VCSEL process flow.
The origin of HCG reflectivity
A HCG is comprised of dielectric or semiconductor bars having a high refractive index fully surrounded by a low refractive index medium, such as air or SiO 2 , with high refractive index contrast between the two media (Fig. 1) . The lateral periodicity of the HCG (Λ) must be below the wavelength of the incident wave, otherwise the incident light could be diffracted into higher diffraction orders. Ultra high HCG reflectivity has been reported by our group in broadband [6] [7] [8] and resonant narrow-band [9] regimes. High reflectivity can be achieved by design for any incidence angle, starting from surface normal up to grazing incidence angles of less than 1° [10] .
The physical mechanism behind the HCG reflectivity is destructive interference [11] . As depicted schematically in Fig. 1 , when a wave is incident on the grating, it excites a number of HCG eigenmodes, which propagate towards the bottom grating interface with different phase velocities. For a well-chosen HCG design, the optical path lengths of these modes can be matched in such a way that the modes (including their reflections) interfere destructively at the bottom grating interface. Destructive interference in this case does not mean that the fields are zero everywhere. Rather, it means that the spatial mode-overlap along the bottom interface with the transmitted plain-wave is zero, yielding a zero transmission coefficient. This prevents optical power from being launched into a transmissive propagating wave, and thus causes full reflection. Fig. 1 . Schematic of the HCG and its high-reflectivity mechanism. The blue bars represent a semiconductor material with high refractive index of e.g. ~3.5. The grating bars are surrounded by a low index medium, such as air or oxide [6] . When a wave is incident on the grating, its energy is coupled into several eigenmodes of the HCG. These modes propagate through the grating at different phase velocities. For certain HCG designs, the excited set of modes (including their reflections) interferes destructively at the bottom grating interface, resulting in zero coupling into a transmitted plane wave, and thus ~100% reflection.
The most significant distinction of HCG from distributed Bragg reflectors (DBRs) or photonic crystal is that in the latter, the reflectivity results from constructive interference of reflection from multiple, distributed layers (interfaces). This and other distinctions lead to several advantages in an HCG, including a small thickness, polarization selectivity and a broad reflection bandwidth [6] .
In this manuscript the reflectivity of HCG is simulated using the Rigorous Coupled Wave Analysis (RCWA) [12] , which is a broadly accepted method that uses a matrix formalism to analytically solve for the reflected and transmitted diffraction orders of planar gratings. For purposes of verification, our group has also developed our own analytical solution for subwavelength HCGs [11] , based on mode matching between the modes inside HCG and the free space modes outside it. Based on numerous comparisons, we have found excellent agreement between RCWA and our mode matching calculations. Fig. 2 . 1550-nm VCSEL schematic. This device consists of, starting from the bottom, a conventional dielectric DBR as bottom mirror, VCSEL cavity serving as heat and current spreader including an active region and a current aperture, topped by an air gap with an HCG above as top-reflector.
HCG VCSEL design
The VCSEL cavity structure used in our simulations is similar to the previously demonstrated high-speed 1550-nm VCSEL designs [13] , with the epitaxial top mirror being replaced by a HCG structure. A schematic VCSEL design is shown in Fig. 2 . The active region consists of multiple InGaAlAs quantum wells. Current confinement can be achieved by an aperture formed by a buried tunnel junction, placed at the minimum of the optical field [13] . The outcoupling mirror is a HCG, lithographically formed out of a semiconductor material like InP, with an air-gap underneath. In principle, the top two layers could also be designed to be SiO 2 as the low index material and Si as the HCG, as used in [6] . Fig. 3 . Schematic of the proposed HCG VCSEL array. Modifying the lateral dimensions of the HCG from VCSEL to VCSEL changes the HCG reflectivity phase, which facilitates control over the lasing wavelength of each VCSEL. Thus, a MW VCSEL array can be created.
Multi-wavelength HCG-VCSEL array design
The VCSEL wavelength is determined by the round-trip 2π phase condition (Eq. (1) as in any Fabry-Perot cavity:
L Cavity being the physical length of the cavity, λ Lasing being the lasing wavelength, φ HCG and φ DBR being the reflectivity phases of the HCG and DBR mirrors, respectively, and m is an integer. Hence, to attain a large wavelength range in λ Lasing with the same epitaxy, i.e. same L Cavity (φ DBR being relatively insensitive to λ Lasing ), we need a design of HCG whose φ HCG can be changed greatly with grating period and duty cycle. In this case, by using a thicker HCG to facilitate a longer propagation length for the eigenmodes, the destructive interference condition can be achieved (to yield a high reflectivity) with a larger wavelength dependence in phase. This leads to a possibility to significantly change λ Lasing using only moderate changes in HCG lateral dimensions. This design is highly desirable for fabricating post-epitaxy MW VCSEL arrays in a controllable fashion with an especially large wavelength tuning range. A schematic of a MW VCSEL array utilizing this wavelength tuning paradigm is presented in Fig. 3 . A reasonable HCG thickness of only 900 nm is already thick enough to provide wavelength tuning range in excess of 100 nm, as presented in Figs. 4 and 5. Figure 4 shows how using two HCGs with different lateral dimensions but an otherwise identical VCSEL structure results in satisfying the round trip 2π phase condition in Eq. (1) at two different wavelengths (1450 nm and 1550 nm), while maintaining the HCG reflectivity well above 99.9% at the lasing wavelengths, which is also necessary for achieving a high Q cavity with low mirror losses [14] .
In some VCSEL designs, reflectivity of 99.9% might be too high for light extraction. In those cases, we can just as easily design the reflectivity to be slightly less (e.g. ~99.5%). By optimizing the lateral HCG dimensions for additional wavelengths, we have found a collection of dimensions suitable for lasing at every wavelength between 1376 nm and 1576 nm, all with the same HCG thickness of 900 nm. These optimized HCG dimensions are presented in Figs. 5(a), 5(b) (blue and red curves) as a function of lasing wavelength, demonstrating expected wavelength tuning range in excess of 100nm. All these dimensions satisfy the phase condition in Eq. (1) and correspond to very high HCG reflectivity (>99.9%). The difference between the blue and red curves (designs #1 and #2) in Fig. 5 is the integer m in Eq. (1). Figure 5 shows that for some wavelengths, more than one choice of HCG dimensions will facilitate lasing. In the case of Fig. 5 there is a 4nm wavelength window, at which two different HCG designs are suitable for lasing. This overlap window between two different HCG designs is necessary to make sure that the wavelength tuning range is continuous, i.e. without wavelength gaps, at which no design works. This way, when one of the designs can no longer be pushed to higher wavelengths, we can switch to a second HCG design (with different dimensions) and extend the tuning range even further. It is possible that further optimization will reveal that in some VCSEL structures, a chain of three and more HCG designs will provide an even larger tuning range. In order to make the HCG design in Fig. 5 easily fabricatable, special attention was paid during the optimization process to only use HCG dimensions which are well within the specs of current lithography techniques, as indicated by the relatively small grating aspect ratios shown in Fig. 5b . 
Cavity simulation
In order to verify the influence of the HCG phase tuning on the standing cavity wave and the confinement factor of the VCSEL, transfer matrix calculations were performed. Figure 6 shows the standing cavity wave (blue) at 1570 nm with the index profile (red) overlaid for comparison, demonstrating a good overlap of the quantum wells with the field in the optical cavity. The confinement factor was estimated for various wavelengths from 1500 to 1600 nm and is presented in Fig. 7 . It was calculated by integrating the field in the active region and dividing by the integral of the total field in the VCSEL structure (excluding the HCG). The lateral confinement was estimated to be 1. Over an optical bandwidth of 32 nm, corresponding to the bandwidth of the entire C-band, the so-called "erbium-window", the confinement factor is still >90% of its peak value, indicating that all C-band wavelengths could be addressed by variation of lateral HCG dimensions, while keeping fairly uniform device performance. Since the HCG dimensions in Fig. 5 and the confinement factors in Fig. 7 show robust performance of the proposed structure across a very large wavelength range, the bottleneck that will ultimately determine the tuning range will be the gain bandwidth of the active region.
Conclusion
We present a novel design for a multi-wavelength HCG VCSEL array, whereby the wavelength range is obtained by only varying the lateral dimensions of the HCG, while the layer thickness remains constant for all devices, in order to facilitate fabrication flow compatible with epitaxy. This enables wavelength tuning mechanism based solely on lithography, facilitating a very simple fabrication flow. The predicted cavity wavelength range approaches 200 nm. We believe the HCG-VCSEL reported here would enable a new type of cost-effective WDM source suitable to accommodate the full bandwidth of Er-doped fiber amplifier. The same concept may be applied to fabricate multi-wavelength filter and detector arrays.
